inhibitor attenuates dystrophic pathology in mdx mice.
muscles in mice, dogs, and humans display significant increases in mast cell content, which likely contributes to necrosis and fibrosis (12) .
BBIC has previously been demonstrated to inhibit neutrophilic cathepsin, elastase, and chymase found in mast cells, as well as chymotrypsin and trypsin (20, 44, 47) . Both neutrophil elastase and mast cell chymase are involved in activation of latent TGF-␤1 and fibrosis and likely contribute to the dystrophic pathology (1, 15, 22, 27, 48) . Previous studies have identified the potential of protease inhibition in ameliorating the dystrophic phenotype. A mast cell stabilizer, cromlyn, increased muscle strength in exercised mdx mice while a trypsin-like serine protease inhibitor, camostat mesilate, reduced plasma creatine kinase levels and moderately improved muscle quality in mdx mice (16, 35) .
Therefore, we examined the effects of BBIC treatment in mdx mice. Further, we assessed the signaling pathways associated with muscle remodeling and fibrosis to determine whether BBIC would allow more successful muscle regeneration with less fibrosis. BBIC is orally bioavailable (5, 31) and has not shown any serious toxicities in animals or in humans (26) . Given its ease of administration and lack of toxicity, a demonstration of beneficial effects of BBIC treatment in mdx mice would create the impetus to examine the potential therapeutic impact of BBIC in human DMD patients.
METHODS

Animal Treatments
All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Pennsylvania. BBIC was purified as previously described (19, 46) by Central Soya (Ft. Wayne, IN) using a procedure to maintain chymotrypsin inhibitor activity while reducing trypsin inhibitory activity. One-month-old male mdx mice were divided into two groups with one group receiving AIN-93G food pellets (with corn oil; Bioserv, Frenchtown, NJ) containing 0% BBIC and the other receiving AIN-93G mixed with 1% BBIC. The selected dose was based on previous data that showed in vivo efficacy in other animal models (19) and the attenuation of muscle atrophy (2, 30) . The mice were treated for 12 wk such that the average daily consumption of 3-5 g of food provided ϳ3.6 -6.0 chymotrypsin inhibitory (CI) units/day. In addition, companion experiments were performed using C57Bl/6 mice to test the effects of BBIC on normal skeletal muscle. Beginning at 10 wk of age, mice were fed a diet containing 1% BBIC or control food for 6 wk.
At the end of the study, the animals were anesthetized and weighed, blood was taken via a cardiac puncture, and muscles were dissected and removed [tibialis anterior (TA), quadriceps, and diaphragm]. The muscles were then frozen immediately in melting isopentane for histological analysis or directly into liquid nitrogen for biochemical analysis. One extensor digitorum longus (EDL) muscle was prepared for mechanical muscle force measurements, as previously described (3) .
The resting length (L 0) was set by adjusting muscle length until obtaining maximal twitch tension. Maximal tetanic force was measured by stimulating the muscles with a 120-Hz, 500-ms pulse at supramaximal voltage. Protection against mechanical injury was evaluated by monitoring force decline following a series of five eccentric tetanic contractions. These measurements were performed by initiating a 500-ms isometric tetanic contraction immediately followed by a 200-ms stimulation while stretching the muscle by 10% L 0 at a rate of 0.5L0/s. After testing, the muscle was blotted, weighed, and then rapidly frozen in melting isopentane and stored at Ϫ80°C for subsequent histological analysis.
Protease Activity
The chymotrypsin-like activity of the proteasome was determined by the method of Vigouroux et al. (43) , with modifications. A frozen section of TA was weighed, pulverized on dry ice and homogenized in a 1:10 wt/vol ratio in a 50 mM Tris·HCl buffer (pH 8.0) containing 1.0 mM EDTA, 1.0 mM EGTA, 1.0 mM DTT, 2.0 mM ATP, 10% glycerol, and Complete Protease Inhibitor Cocktail (Roche Diagnostic, Basel, Switzerland). The homogenates were centrifuged for 1 h at 100,000 g at 4°C. Protein concentration of the supernatant was determined using the Bradford reaction (Bio-Rad, Hercules, CA) with BSA as a standard. Homogenate was diluted with assay buffer [50 mM Tris·HCl (pH 7.5), 40.0 mM KCl, 5.0 mM MgCl 2, 2.0 mM ATP, 1.0 mM DTT, 10.0 g BSA] to normalize protein concentration. In our experimental conditions, components were mixed in a 1:1:2 ratio such that 50 l homogenate, 50 l substrate, and 100 l assay buffer [BBIC, BBI (Sigma), or epoximicin (Sigma)] were in each well. Homogenate contained 10 g of protein. Samples were preincubated with BBIC (100 g), BBI (100 g), or, for assay fidelity, epoximicin (100 M) for 10 min at 37°C before adding substrate.
The substrate Suc-LLVY-MAC was dissolved in assay buffer and diluted to a final concentration of 100 M. After adding the substrate, the samples were incubated for 1 h at 37°C and then final fluorescence levels measured [excitation (E ex) ϭ 340 nm and emission (Eem) ϭ 465 nm (GENios Pro, Tecan, Austria)].
Calpain activity was determined using 30 -50 mg of frozen muscle following homogenization in 10 vol of buffer (100 mM Tris, pH 7.5, 100 mM KCl, 10 mM mercaptoethanol, 0.1 mM EDTA, 1.0 mM PMSF) (39) . In accordance with Thompson et al. (42) , 0.75 g protein in 25 l was added to each microplate well and further diluted with 75 l dilution buffer containing 20 mM Tris·HCl (pH 7.5), 1 mM EDTA, 100 mM KCl, and 0.1% mercaptoethanol. The reaction was initiated by adding 100 l of BODIPY-FL-casein (10 g/ml in dilution buffer with 10 mM Ca 2ϩ ). Measurements were made using a Tecan fluorometer (GENios Pro, Tecan, Austria) with 485-nm excitation and 535-nm emission beginning immediately after addition of reaction buffer and every 5 or 10 min thereafter. One control was added to account for non-protease substrate degradation (dilution buffer ϩ BODIPY-casein with no sample) while a second control accounted for non-calpain-dependent proteolysis of the substrate (25 l of 100 mM EDTA, 50 l of dilution buffer, 25 l of sample, and 100 l of BODIPY-casein). Slope was calculated using the linear portion of calpain activity plotted over time. Calpain (cal) activity is calculated as follows: FU cal ϭ FUsample Ϫ (FUCa blank ϩ FUEDTA blank)/2, where FU refers to fluorescent units.
Serum Creatine Kinase Activity
Serum was analyzed for creatine kinase (CK) levels in mdx and BBIC-treated mice (Diagnostic Chemicals Limited, Oxford, CT).
Immunoblotting
A portion of the frozen TA muscle was pulverized on dry ice and solubilized at a 1:10 mass/vol ratio in cell lysis buffer (20 mM Tris, 137 mM NaCl, 25 mM B-glycerophosphate, 2 mM sodium pyrophosphate, 2 mM EDTA, 1 mM sodium orthovanadate, 1% Triton X-100, 10% glycerol, 1 mM PMSF, 5 g/ml leupeptin, 5 g/ml aprotinin, 2 mM benzamidine). The resulting homogenate was centrifuged at 13,000 rpm on at 4°C for 10 min, and the protein concentration of the supernatant was determined. The lysate was diluted to 1.0 mg/ml in Laemmli buffer.
Ten micrograms of protein was loaded into each well on a 4 -20% gradient precast gel (Lonza, Valair, Switzerland),separated by electrophoresis and transferred using the I-blot system (23 V, 6 min; Invitrogen, Carlsbad, CA). Membranes were blocked with TBS containing 0.01% Tween-20 and 5% powdered milk for 1 h and incubated overnight at 4°C with one of the following antibodies: rabbit polyclonals against p38, phospho-p38, ERK, phospho-ERK, Smad 2/3, or Akt (Cell Signaling, Boston MA); phospho-Smad 2/3, GDF-8 Cterminus (LabVision), TGF-␤1 (abcam), TIMP-1 (Sigma), IB␣ (Santa Cruz); mouse monoclonal anti-actin (Neomarkers); mouse polyclonal anti-GDF-8 Propeptide (R and D Systems), or rabbit monoclonal anti-p-Akt (Ser473; Cell Signaling). Following incubation, the secondary antibodies, horseradish peroxidase (HRP) antirabbit or HRP anti-mouse (Amersham, Buckinghamshire, UK), were applied at a 1:2,000 dilution. The proteins were visualized with ECL (Pierce) using exposure to film (Eastman-Kodak, Rochester, NY), and band intensities were quantified using a Kodak image station and software. Appropriate loading controls (actin) were run for each separation and were similar between groups and samples.
Histology and Immunofluorescence
Hematoxylin and eosin (H ϩ E) staining of the frozen muscle sections was performed according to standard techniques. Trichrome staining of the frozen sections staining was accomplished using the Sigma kit (HT15) with slight modifications. For fluorescent laminin staining, frozen sections were incubated with rabbit anti-laminin Ab (Neomarkers; 1:100) in 5% BSA for 1 h at room temperature, labeled with fluorescent secondary antibody (Invitrogen; 1:200 dilution), washed, and mounted using Vectashield containing DAPI (Vector Labs, Burlingame, CA). Microscopy was performed on a Leitz DMR microscope (Leica), and image acquisition and analysis were conducted using a MicroMAX digital camera system (Princeton Instruments) and imaging software (OpenLab, Improvision, Waltham, MA).
Muscle fibrosis in both BBIC-treated and untreated diaphragm muscles was quantified by determining the percentage of nonmuscle area, using hue-saturation-intensity thresholding, in trichrome-stained muscle sections. In each section (n ϭ 3 per group), two to three thresholded regions in the image were analyzed to determine the percent nonmuscle area compared with the total tissue area as a measurement of fibrosis with quantification performed by an independent investigator. Centralized nuclei were determined by analyzing two to four regions of each muscle section (EDL, TA, and diaphragm) from control mdx and BBIC-treated mdx mice (n ϭ 3). The number of muscle fibers with central nuclei was compared with the total number of fibers within the region. Data are shown as mean Ϯ SE; n ϭ 6 -8 for both groups. C57Bl/6 mice were given either 0% or 1% Bowman-Birk inhibitor concentrate (BBIC) for 6 wk. No significant differences are observed between the 2 groups with the largest percent change (ϩ5.2%) observed in the extensor digitorum longus (EDL)-to-body mass ratio.
Membrane permeability was investigated using Evans blue dye staining (EBD; 0.2 ml of 0.2% dye ip) injected 16 -24 h before the mouse was euthanized. For quantification of membrane damage, EBD infiltration was measured as the ratio of the area of the EBD-positive muscle fibers compared with total muscle area in quadriceps muscles of untreated vs. BBIC-treated mdx mice; quantification was performed by an independent investigator.
Statistics. Comparisons between mdx mice and mdx mice supplemented with BBIC from 4 -12 wk were made using a Student's t-test as were comparisons made between C57 animals and C57 animals supplemented with BBIC from 10 -16 wk of age. In vitro proteasome function was assessed using a one-way ANOVA, with Dunnett post hoc test. Data are presented as means Ϯ SE unless otherwise noted. Significance was set at P Ͻ 0.05.
RESULTS
Body Mass and Muscle Parameters in C57Bl/6 and mdx Mice
To determine if BBIC would have an effect in normal skeletal muscle, C57Bl/6 mice were fed a diet that contained 1% BBIC. At the end of treatment, it was determined that the addition of BBIC did not affect healthy muscle tissue. In all parameters tested (muscle mass, relative muscle-to-body weight ratio, tetanic force, specific tension, and muscle cross-sectional area), there was no difference between groups (Table 1) .
When treated dystrophic (mdx) mice were provided food supplemented with 1% BBIC for 12 wk, both morphological and functional improvements were observed. In the treated mdx mice, EDL mass and cross-sectional area were increased compared with control-fed mdx mice (Table 2) . Absolute tetanic force was increased by ϳ25% in the 1% BBIC-treated mdx mice and the loss of force following a series of five eccentric contractions was reduced by 25% in these mice compared with control-fed mdx mice. Specific tension was similar between the 1% BBIC and control mdx groups suggesting the underlying dystrophic pathology is still present ( Table 2 ). As only dystrophin-deficient mice are affected by BBIC intervention, these results suggest that the mechanism behind the BBIC-dependent functions in mdx muscle is related to a pathological process that becomes exacerbated in the dystrophic skeletal muscle tissue.
Histology. Visualization of muscle fiber cross sections revealed improvements with dietary BBIC supplementation. Specifically, fibrosis was reduced in the diaphragm as is evident following H ϩ E (Fig. 1A ) and trichrome staining (Fig.  1B) . Quantification of nonmuscle area in the diaphragms (Fig.  1C) shows a significant increase in fibrotic regions of the mdx muscle compared with the BBIC-fed animals (42.8% vs. 31.1%). Further, the presence of EBD-infiltrated muscle fibers was significantly reduced in the quadriceps of the BBIC-treated mdx mice, indicating increased muscle membrane stability (8.3% mdx vs. 3.1%, ϩ1% BBIC; Fig. 2 ). This finding was supported by an observed change in the number of centrally located nuclei, a common marker of regeneration, in the EDL and TA muscles by 23% and 10%, respectively (P Ͻ 0.05), while the number of central nuclei in the diaphragm was 17% lower (P ϭ 0.055; Fig. 3A ) in the BBIC-treated mice than the control fed mice. Further, although the mean CK value de- Data are shown as mean Ϯ SE; n ϭ 12 for mdx, 0% BBIC mice and n ϭ 8 for mdx, 1% BBIC mice. mdx animals were fed a diet containing either 0% or 1% BBIC for 3 mo. *Significantly different from mdx, 0% BBIC (P Ͻ 0.05). Fig. 1 . Representative images of hematoxylin and eosin (H ϩ E)-stained (A) and trichrome-stained (B) diaphragm muscle sections of mdx mice provided standard (top) or 1% Bowman-Birk inhibitor concentrate (BBIC) diet (bottom). C: percent fibrosis was quantified by measuring the nonmuscle area in the trichrome-stained sections relative to the total tissue area. In each section (n ϭ 3 per group), 2-3 regions in the image were used for measurement of fibrosis. In mdx mice, treatment with 1% BBIC attenuated the amount of fibrosis observed in diaphragm muscle (*P Ͻ 0.05 vs. control-fed mdx mice).
creased by nearly threefold (P Ͻ 0.1; n ϭ 5) in BBIC-fed mdx mice vs. control-fed mdx mice (Fig. 3B) , the change failed to reach statistical significance, at P Ͻ 0.05, due to larger than anticipated animal-to animal variability.
Modulation of Smad signaling by BBIC. Given the observed muscle mass increase, the possible indirect impact of BBIC on myostatin activation was examined. Analysis of the muscle samples indicated that the expression of both mature myostatin (COOH-terminal antibody) and the NH 2 -terminal myostatin propeptide were similarly and significantly elevated in the BBIC-treated samples. This suggests the ratio of active myostatin to latent, propeptide-myostatin complex remains constant following BBIC treatment despite increased expression (Fig. 4) . Downstream myostatin signaling involves activation of Smad2/3, so the level of Smad phosphorylation was determined in control and BBIC-treated muscles. BBIC treatment reduced phospho-Smad 2/3 levels while maintaining similar total Smad 2/3 expression, suggesting that overall flux through this pathway is reduced.
As TGF-␤1 can bind to the same type I receptor (T␤RI/ Alk5) as myostatin and also can signal via the Smad pathway, the level of TGF-␤1 in the control and treated muscles was measured. Interestingly, TGF-␤1 was reduced by ϳ50% following treatment with 1% BBIC (Fig. 4) . This suggests the reduced Smad activity is primarily due to the decline in TGF-␤1 expression. Given the decreased Smad signaling, the apparent accumulation of myostatin in treated animals suggests that there is reduced myostatin activation and subsequent depletion from the extracellular matrix of the muscle. These data could help to explain the muscle hypertrophy as well as the reduction in fibrosis in BBIC-treated mice.
BBIC Does Not Affect Growth Pathways in mdx Mice
As BBIC has been shown to inhibit a number of proteases, and therefore the downstream effectors, we also investigated possible changes in alternative growth signaling pathways. MAPK protein p42 along with its phosphorylated form were increased, while phospho-and total MAPK protein p44, and total and phospho-p38 remained unchanged (Fig. 5) . Further, Akt and phospho-Akt were found to be similar between groups. An inhibitor of metalloproteinase activity, TIMP-1, was significantly elevated, while the NF-B pathway member IB␣ remained unchanged (Fig. 5) .
Protease activity. To assess if the increased stability of the muscle membranes, indicated by decreased EBD uptake and reduced central nucleation, results in decreased activation of calpain, we measured calpain protease activity in treated and untreated muscles. As shown in Fig. 6 , calpain activity was reduced ϳ25% in treated animals compared with control fed animals.
We have previously shown that BBIC does not directly inhibit proteasome activation (30) . In the present study, chymotrypsin-like activity of the proteasome was found to be similar between BBIC-treated and control animals, again indicating that BBIC does not appear to directly influence proteasome activity (Fig. 7) . To further clarify whether BBIC inhibits chymotrypsin-like activity, 100 g BBIC (Fig. 7) or 100 g of purified Bowman-Birk inhibitor (data not shown) was added directly to the assay buffer containing isolated proteasomes from mdx muscles. In both cases, chymotrypsin-like activity was not attenuated, confirming that BBIC does not directly inhibit proteasome activity, even in dystrophic skeletal muscle.
DISCUSSION
We demonstrate that oral administration of a concentrate of the Bowman-Birk inhibitor (BBIC) improves muscle function and decreases pathology in the mouse model of Duchenne muscular dystrophy (mdx mouse). BBIC-treated mdx mice exhibited increased EDL mass, tetanic force, and fiber crosssectional area and improved resistance to contraction-induced Fig. 2 . BBIC reduces Evans blue dye (EBD) uptake in the quadriceps muscle of mdx mice. Low-magnification (25ϫ) images of EBD infiltration into the muscle fibers of untreated (top; mdx) and treated (bottom; ϩ1% BBIC) mdx mice, with the nuclei stained with DAPI for visualization. Three months of a 1% BBIC diet reduced the amount of EBD infiltration into muscle fibers of mdx mice compared with control fed animals (*P Ͻ 0.05; n ϭ 3 per group).
injury compared with untreated muscles. Further, markers generally associated with progressive muscle damage in the mdx mouse, such as fibrosis, loss of membrane integrity (EBD penetration), and centralized nuclei (indicating decreased ongoing regeneration), were all reduced following BBIC treatment. These results are the first to demonstrate that there is an observable therapeutic effect in mdx animals treated with this serine protease inhibitor.
The addition of 1% BBIC to the diet reduced fibrosis, central nucleation, and EBD infiltration compared with a control diet. Further, the addition of 1% BBIC to the diet resulted in a threefold change in the mean serum CK levels (P Ͻ 0.10). Increased serum CK is a hallmark of dystrophin deficiency (32) . These observations, coupled with improved resistance to contraction-induced injury, suggest that BBIC-treated animals are experiencing less ongoing degeneration. This is significant because contraction-induced injury is widely believed to be a major contributor to muscle injury in DMD patients (32) .
The observed decreases in fibrosis, necrosis (EBD uptake), and decreased ongoing regeneration are all expected consequences of decreased mast cell protease activity via BBIC inhibition. Furthermore, healthy C57 mice fed BBIC did not exhibit any alterations in muscle mass or force production (Table 1) . These results suggest that BBIC is working to modulate pathological processes that become activated in mdx tissue but not healthy muscle tissue. One of the major distinctions between normal and dystrophic skeletal muscle is the repeated cycles of degeneration and regeneration (8) and the concomitant inflammation found in dystrophic skeletal muscle (7) . BBIC has been shown to exhibit anti-inflammatory as well as antioxidant properties (10) . As part of the inflammatory cascade, mast cell numbers are increased in mdx mice and they contain chymase and trypase, two serine proteases (13, 14) . The well-known BBIC target, chymase is released from mast cells and has been shown to play a role in mdx pathology (16) . We and others have previously shown that chymase is inhibited by BBIC (30, 44) , and we also showed that this resulted in a decrease in the activation matrix metalloproteases (MMP) 2/9, which can be activated by chymase (41) . Elevated MMP2/9 activities have been reported in dystrophic skeletal muscle (11, 17) .
Additionally, BBIC treatment proportionately increased muscle mass and tetanic force in the EDL, indicating a func- Fig. 3 . BBIC improves phenotypic properties of mdx mice. A: the percentage of muscle fibers containing centralized nuclei from the extensor digitorum longus (EDL), diaphragm, and tibialis anterior (TA). Treatment with 1% BBIC in the feed significantly reduced the number of centrally located nuclei in the EDL and the TA muscles (lowered by 23% and 10%, respectively); the number of central nuclei fell by 17% in the diaphragm muscle (P ϭ 0.055). *P Ͻ 0.05 (2-4 regions per section, n ϭ 3 per group). B: mean serum creatine kinase (CK) levels changed by nearly 3-fold following BBIC treatment (P Ͻ 0.10; n ϭ 5). tional gain in muscle tissue while the specific tension (force per unit area) was similar between treated and untreated mdx mice. While an overall lessening of pathology could be expected given the known anti-inflammatory and antioxidant actions of BBIC, the increased size of the muscle in the dystrophic skeletal muscle was not expected. A possible explanation for this hypertrophy is based on our earlier observation that there was decreased activation of MMP2/9 in hindlimb-suspended animals fed BBIC, likely due to inhibition of chymase (30) . This indirectly could decrease activation of myostatin and TGF-␤1, since activation of MMP2/9 has been linked to the activation of TGF-␤ family members (18) . This could account for the observed muscle growth, as it is known that interfering with myostatin signaling in the mdx mouse results in hypertrophy (6) . Indeed, a dramatic reduction in downstream Smad 2/3 signaling was observed in BBIC-treated animals compared with control. We also ruled out an indirect effect of BBIC on Akt activity as the mediator of the observed hypertrophy. As shown in Fig. 5 , there was no change in the activation of the Akt signaling pathway following BBIC treatment.
An attenuation of Smad signaling implies altered activation and/or expression of one or more of the TGF␤ family members that are expressed in skeletal muscle. Of these family members, myostatin is thought to be the primary negative regulator of skeletal muscle mass (24) . Intriguingly, the attenuation of Smad signaling by BBIC administration was accompanied by an increase in myostatin expression (Fig. 4) . Such a compensatory increase in myostatin production has been previously observed to accompany skeletal muscle hypertrophy resulting from increased levels of the myostatin inhibitory propeptide (24) . The increase in expression of mature myostatin protein was matched by similar, or slightly decreased, levels of propeptide, suggesting that there was an elevation in total myostatin content, but not in myostatin activation. This could be due to an overall decrease in myostatin proteolytic activation (23) resulting in more mature myostatin remaining in the muscle ECM, or perhaps due to more myostatin synthesis via a feedback mechanism in an unsuccessful attempt to increase Smad signaling in the face of the inhibitor.
The observed inhibition of Smad 2/3 signaling by BBIC could be via a reduction in myostatin signaling, TGF-␤1 Fig. 6 . Calpain activity was significantly reduced in animals fed a diet containing 1% BBIC compared with a control diet (n ϭ 3-7 per group). *P Ͻ 0.05 vs. control-fed mdx. Fig. 7 . Proteasome activity was not changed in mdx animals following 3 mo of a BBIC (ϩ1% BBIC, -) diet compared with control diet (mdx, -) (n ϭ 3-8 per group). Also, addition of exogenous BBIC or purified BBI (ϩBBI) to the assay did not affect proteasome activity, suggesting this inhibitor does not directly inhibit proteasome activity. signaling, or both. Increased TGF-␤1 expression has been associated with fibrosis in the muscles of dystrophic patients (4) while neutralizing antibodies to TGF-␤1 reduced fibrosis in the diaphragms of mdx mice (1), suggesting a role for this signaling pathway during disease progression. Following BBIC treatment, a significant reduction in fibrosis was observed. Consistent with that observation is the finding of decreased TGF-␤1 levels in BBIC-treated mice (Fig. 4) .
The possible indirect effects of BBIC on the activation of intracellular proteolytic pathways, including calpain and proteasome pathways, were also examined. Increased calpain activity has been reported in mdx animals as well as DMD patients (34, 37) as calpain-mediated release of sarcomeric proteins appears to be an essential step during protein degradation via the proteasome (36). Spencer and Mellgren (38) found that calpastatin overexpression in mdx mice improved some markers of dystrophic pathology, primarily in younger animals. Interestingly, decreased levels of calpain activity following BBIC-treatment of mdx mice (Fig. 6) were measured. This is consistent with a slowing of the overall turnover of the dystrophic muscle in response to BBIC and indicates that there is less damage and therefore a reduced calcium influx with administration of the protease inhibitor. However, BBIC treatment does not result in an inhibition of downstream proteasome activity (Fig. 7) .
In summary, a diet supplemented with the serine protease inhibitor BBIC increased muscle mass and function in mdx mice compared with mdx mice receiving a control diet. The increased muscle mass was likely due to the observed reduction in Smad signaling, which may have resulted from either decreased myostatin activation or TGF-␤1 levels (or a combination of the two). The decreased TGF-␤1 levels also likely account for the decreased fibrosis. The decreased levels of TGF-␤1 may not only reduce fibrosis by lessening stimulation of fibroblasts but also may induce greater proliferation of satellite cells to stimulate regeneration (25, 29) . We also saw evidence of decreased muscle turnover and reductions in activation of calpain, which could contribute to greater muscle mass. None of the benefits of BBIC involved inhibition of proteasome activity or constitutive activation of growth pathways. Additional studies are necessary to delineate a possible impact of BBIC administration on the inflammatory and oxidative stress pathologies seen in dystrophic muscle (45) .
The present study suggests oral administration of BBIC shows promise as a possible therapeutic to slow the pathological changes associated with loss of dystrophin in skeletal muscle. If the observed effects in mdx mice are recapitulated in humans, then BBIC treatment could result in prolonged mobility and improved quality of life for Duchenne muscular dystrophy patients.
